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ABSTRACT 

The  following  report  is  the  third  and  final  in  a  series 
describing  the  progress  of  “A  RESEARCH  STUDY  ON 
INTERNAL  CORROSION  OF  HIGH  PRESSURE 
BOILERS”.  The  first  report  described  the  background, 
scope,  and  organization  of  the  program  as  well  as  the 
test  facility.  The  second  report  discussed  the  methods 
of  testing  and  the  results  of  the  first  six  runs.  This  final 
report  describes  the  results  of  the  last  six  tests  and 
discusses  the  conclusions  drawn  from  all  of  Phases  II 
and  III.  The  scope  and  an  outline  of  seven  tests  com¬ 
posing  the  newly  scheduled  Phase  IV  program  are  also 
included. 

The  results  of  runs  with  three  types  of  boiler  water 
treatment,  fouled  heat  transfer  surfaces,  and  conditions 
simulating  fresh  water  and  seawater  condenser  leakage 
are  included.  Data  relating  to  deposition  and  corrosion 
in  these  environments  are  presented  with  particular 
emphasis  on  the  severe  corrosion  experienced  with 
simulated  seawater  condenser  leakage. 
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INTRODUCTION 

The  first  and  second  progress  reports  considered  the 
general  background  of  the  investigation,  defined  the 
scope  of  the  program  and  the  philosophy  of  testing, 
and  described  the  test  apparatus  and  experimental 
procedures.  Table  I  summarizes  the  program's  experi¬ 
mental  conditions  in  terms  of  boiler  water  treatment 
and  types  of  contaminants  for  both  the  Phase  II  and 
III  tests  already  completed,  and  the  new  Phase  IV 
tests  to  be  run  during  1967.  The  results  of  Phase  II  and 
III-A  were  discussed  in  the  second  progress  report. 
This  final  report  describes  the  results  of  the  Phase  III, 
Group  B  and  C  tests,  and  includes  the  conclusions 
drawn  from  the  entire  program. 

/  The  tests  discussed  by  this  report  were  designed  to 
study  the  effects  of  both  fresh  water  and  seawater 
condenser  leakage  upon  the  corrosion  of  boiler  tubing 
fouled  with  preboiler  corrosion  products.  These  runs 
were  made  with  three  types  of  boiler  water  treatment 
and  the  same  severe  heat  transfer  conditions  previously 
employed. 

The  goals  of  Phase  IV  are:  (1)  to  obtain  additional 
information  on  corrosion  resulting  from  boiler  water 
contaminated  by  fresh  water  condenser  leakage,  (2)  to 
determine  the  causes  of  hydrogen  damage  and  (3)  to 
study  whether  heat  transfer  conditions  beyond  the 
threshold  of  departure  from  nucleate  boiling  can  con¬ 
tribute  to  corrosion.  Phase  IV  is  sponsored  and  con¬ 
tracted  separately  from  Phases  II  and  III. 


APPARATUS  AND  TEST  PROCEDURES 

The  apparatus  and  operating  parameters  for  theae 
tests  were  the  same  as  those  employed  during  Phases  II 
and  III-A.  Figure  1  is  a  schematic  diagram  of  the 
corrosion  test  loop  and  Tables  II  and  III  summarize 
the  chemical  and  mechanical  operating  parameters 
employed  throughout  the  program. 

The  terms  “fresh  water  condenser  leakage”  and 
“seawater  condenser  leakage”  used  throughout  this 
report,  refer  to  the  contaminant  solutions  employed  to 
simulate  condenser  leakage  as  described  in  the  following 
procedures.  The  reference  to  “dirty  boiler  conditions” 
or  “corrosion  product  contaminants”,  describes  the  1 : 1 
mixture  of  magnetite  and  copper  powder  used  to  simu¬ 
late  the  condition  of  a  boiler  with  heat  transfer  surfaces 
fouled  by  an  accumulation  of  preboiler  and  boiler  corro¬ 
sion  products.  Details  relating  to  these  materials  were 
included  in  the  second  progress  report. 

Operating  Procedure  for  Teste  with  Fresh  Water  Con¬ 
denser  Leakage  ( Tests  t,  2,  3  —  Phase  III  —  Group  B } 

Both  preboiler  corrosion  products  and  fresh  water 
condenser  leakage  were  employed  during  this  group  of 
tests.  Injection  of  corrosion  products  was  made  on  a 
2-hour  cycle  during  the  first  several  days  of  operation, 
and  at  various  intervals  thereafter  until  2,800  to  3,400 
grams  of  contaminant  had  been  added.  Daily  additions 
of  fresh  water  condenser  leakage  were  made  throughout 
each  14-day  run.  Contaminant  salt  solutions  were 


TABLE  I 

PROGRAM  ORGANIZATION 


Boiler  Water 

Phase  No.  Group 

Toot  No. 

Treatment 

Boiler  Condition 

Contamination 

II  - 

1 

Volatile 

Clean 

None 

2 

Phosphate 

Clean 

None 

3 

Caustic 

Clean 

None 

III  A 

1 

Volatile 

Drty-FejO«  +  Cu 

None 

2 

Phosphate 

Dirty— Fej04  +  Cu 

None 

3 

Ceustic 

Dirty— FejO*  +  Cu 

None 

B 

1 

Volatile 

Dirty— Fej04  +  Cu 

Fresh  water  salts 

2 

Phosphate 

Dirty— Fei04  +  Cu 

Fresh  water  salts 

3 

Caustic 

Dirty— Fej04  +  Cu 

Fresh  water  salts 

C 

1 

Volatile 

Dirty— Fej04  +  Cu 

Seawater  salts 

i 

Phosphate 

Dirty— Fei04  +  Cu 

Seawater  salts 

3 

Caustic 

Dirty— Fe*04  +  Cu 

Seawater  salts 

IV  A 

1 

Volatile 

Duly— rej04  +  Cu 

Fresh  water  salts 

? 

Phosphate 

Dirty— Foj04  +  Cu 

Fresh  water  setts 

3 

Caustic 

Dvty— Fej04  +  Cu 

Fresh  water  salts 

B 

l 

Volatile 

Dirty— Fej04  +  Cu 

Other  salts 

2 

Phosphate 

Dirty — F#jO«  +  Cu 

Other  salts 

C 

1 

Volatile 

Clean 

Tests  in  DNB 

2 

Phosphate 

Clean 

Tests  m  DNB 

Fig.  I:  Schomahc  orrongootont  of  ft*  hoot  tromfor  and  comwon  toot  loop 


TABLE  II 

WATER  SPECIFICATIONS  FOR  2600  PSIQ 


Name  pH 

Treating  Chemical  Value  at  25  C 

Hydroxide 
ppm  OH 

Phosphate 
ppm  P04 

VOLATILE 

(NH3) 

8.6— 9.0 

0 

0 

PHOSPHATE 

(Na3P0«) 

9.8-10.0 

0 

9-11 

CAUSTIC 

(NaOH) 

10.5-10.7 

AS  REQUIRED  TO 
MAINTAIN  pH 

2-4 

injected  at  the  bottom  of  the  vertical  preheat  sections 
to  minimize  deposition  on  the  surfaces  of  the  horizontal 
preheater  (not  instrumented  for  temperature  measure¬ 
ments).  The  amount  and  composition  of  the  contami¬ 
nants,  added  during  each  8-hour  period  of  simulated 
condenser  leakage,  are  as  follows: 

Quantity  —  40  liters 

Concentration  —  200  ppm 

Composition:  —  Calcium  sulfate  —  30  ppm 
Magnesium  sulfate  —  20  ppm 
Calcium  bicarbonate  —  70  ppm 
Sodium  sulfate  —  40  ppm 
Sodium  chloride  —  35  ppm 
Sodium  silicate  —  5  ppm 

No  attempt  was  made  to  maintain  nominal  boiler 
water  control  conditions  during  these  periods,  although 
treatment  chemicals  were  added  to  the  loop  at  the  rate 
normally  used  to  compensate  for  depletion  of  concen¬ 
tration  due  to  samplmg  losses.  Control  conditions  were 
re-established  after  each  period  of  simulated  leakage  by 
injecting  treatment  chemicals  and  by  blowdown. 

Operating  Procedure  for  Tests  with  Seairaler  Condenser 
Leakage  (Tests  1.2,3  ~  Phase  III  —  Group  C) 

The  amount  of  contaminant  salts  and  the  procedure 
for  chemical  control  was  modified  for  the  tests  with 


seawater  condenser  leakage.  These  chant:  *  in  procedure 
were  made  to  obtain  greater  dep  -i  -na  a  more 
aggressive  environment  than  were  experienced  during 
the  fresh  water  runs.  The  increase  in  concentration  of 
the  contaminant  solution  provided  a  three-fold  increase 
in  total  calcium  and  magnesium  content.  Seawater  con¬ 
denser  leakage  of  the  following  composition  and  quantity 
was  added  each  day : 

Quantity  —  40  liters 

Concentration  —  1,578  ppm 

Composition:  —  Sodium  chloride  —  1074  ppm 
Magnesium  chloride  —  228  ppm 
Sodium  sulfate  —  179  ppm 
Calcium  chloride  —  51  ppm 

Potassium  chloride  —  30  ppm 

Sodium  bicarbonate  —  9  ppm 

Potassium  bromide  —  4  ppm 

Boric  acid  —  1  ppm 

Strontium  chloride  —  1  ppm 

Others  —  1  ppm 

Stock  solutions  for  the  above  were  made  in  accordance 
with  the  ASTM  Standard  Specifications  for  Substitute 
Ocean  Water  (D1 141-52)  including  heavy  metal 
constituents. 

The  modified  chemical  control  procedure  for  the 
seawater  tests  specified  that  no  treatment  chemicals 
were  to  be  added  to  the  boiler  water  during  periods  of 
contaminant  injection,  thereby  simulating  an  un¬ 
detected  condenser  leak.  This  permitted  pH,  con¬ 
ductivity.  and  treatment  chemical  residuals  to  vary. 
Control  conditions  were  re-established  after  each  daily 
eight  hour  period  of  simulated  leakage. 

RESULTS 

In  evaluating  the  results  of  this  research  program, 
it  must  be  kept  in  mind  that  the  test  conditions  em¬ 
ployed  were  intended  to  accelerate  corrosion  rather  than 


NOMINAL  TEST  CONDITION 


TABLE  III 

NOMINAL  TEST  CONDITIONS 


Mass  Velocity  (G)  »  lbs/hr-ftJ 
Flow  Rata  (W)  *  Ibs/hr 

•Haat  Flu*  (Q/A)t  m  BTU/hr-ft’  (based  on  ID  of  tuba) 

Hast  Flu*  (Q/A)t  «*  BTU/hr-ft*  (based  on  projected  area) 
••Appro*.  Haat  Flu*  (Q/A),  «  BTU/hr-ft’  (based  on  ID  of  tuba) 
Appro*.  Haat  Flu*  (Q/A)}  —  BTU/hr-ft1  (based  on  protected  area) 
Appro*.  Total  Preheat  (Q)  «  BTU/hr 
•••Appro*.  Preheat  Flu*  (Q/A)  •.  BTU/hr-ft’ 

Appro*.  Quality  (X,)  Entering  Test  Section 
Appro*.  Quality  X!  Leaving  (Q/A)t 
Appro*.  Quality  X}  Leaving  (Q/A)? 

1Q/A)i  Hast  S««  in  Iran  t»»l  udlM 
•*<0/A)I  Naet  flu*  In  vppar  l*«l  **c«l*a 

"'Tfcete  »!■*•»  arc  tawP  •«  Hw  If  tart  mf  ranter  I  prafcart 


A 

0.55  X  10* 
3,630 
150,000 
173,000 
110.000 
127.000 
280.000 
121.500 
23% 
30% 
35% 


B 

0.55  x  10* 
3,630 
150.000 
173.000 
110,000 
127,000 
97,000 
42.000 
8% 
15% 
20% 
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TABLE  IV 

SUMMARY  OP  RESULTS 


Group  B 

Test  2 

Group  C 

Qwwfil 

Test  1 

Tests 

Test  1 

Test  2 

Tests 

BW  Treatment 

NHj 

ro4 

OH 

NH3 

P04 

OH 

FeA  +  Cu,  Qm 

3000 

2800 

3400 

500 

2800 

3000 

FW  salts,  Qm 

112 

112 

112 

— 

— 

— 

SW  Mlts,  Qm 

- 

- 

— 

126 

693 

882 

Cerraston 

Penetration,  mil* 

Trace 

Trace 

Tree* 

6(2  days) 

3 

10 

Metallurgical 

No  change 

No  change 

No  change 

No  change 

No  change 

No  change 

Deposits 

Thickness,  mil* 

8 

5 

5 

25 

40 

45 

Weight  A  loop/8  loop 
Qm/lln#ar  ft 

0.9/1. 2 

1.0/0. 7 

0.9/1. 1 

0.7/2.4 

7.4/1. 4 

4.6/2.7 

Tamp  rise  max,  F 

27 

20 

33 

14 

96 

30 

Chemical  Composition 

CaS04 

ftjOj 

FeA 

Fe304 

Fe304 

FeA 

M^OHh 

Calo44 

Fe304 

Mgj(P04)2 

Fe304 

Cu 

Fe304 

Cu 

Cu 

CarfPO^ 

F*A 

AljO.NajO-6Si02 

CaKPO^ 

3Mg0-2SI02 

TEST  IB  PHASE  HI  3/21/66  *4/5/66 
HYDROGEN  IN  STEAM  SAMPLE 


(B 

Q. 

0. 

• 

z 

Ui 

o 


o 

£ 


DAYS 

FRESHWATER  .ADDITIONS 

- ri  ■  Bit-  P — 

Cu  a  Fe30|  ADDITIONS 


_□ _ □ _ CL 
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test  IB  PHASE  HI  3/21/66  -  4/5/66 
TUBE  CROWN  TEMPERATURE  INCREASE 


i 

.N 


DAYS 


Fig.  2 
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to  duplicate  typical  boiler  operation.  Detailed  results 
including  a  chronological  log  of  the  events  and  data 
from  each  test  are  included  in  the  following  subsections. 
Some  of  these  data  are  summarized  in  Table  IV. 

Log  —  Test  IB,  Phase  III 

Volatile  (NH»)  Boiler  Water  Treatment  —  pH  =  8.6 
to  9.0 

Dirty  Boiler  Conditions  —  Fresh  Water  Condenser 
Leakage 

The  test  loop  had  been  chemically  cleaned  immedi¬ 
ately  preceding  this  test,  hence  the  need  for  a  period  of 
"seasoning"  operation  was  anticipated.  However, 
hydrogen  concentrations  failed  to  reach  equilibrium 
after  operating  for  three  days  with  ammonia  with  pH 


values  as  high  as  10.0.  thereby  indicating  a  very  alow 
rate  of  surface  passivation.  Contaminant  salt  injection 
was  begun  at  this  time.  This  initial  contaminant 
injection  maintained  boiler  water  pH  at  10.0  without 
ammonia  addition,  and  resulted  in  a  reduction  in 
hydrogen  evolution.  On  the  following  day,  (Figs.  2  and 
3)  additional  fresh  water  salts  were  added  and  iron  oxide 
and  copper  additions  were  begun. 

Once  the  aeries  of  iron  oxide  and  copper  contaminant 
additions  had  been  completed,  the  hydrogen  concentra¬ 
tion  stabilized  at  approximately  100  ppb.  (Fig.  2). 
Subsequent  injections  of  iron  oxide  and  copper  produced 
short  duration  increases  in  hydrogen  concentration, 
however,  values  remained  close  to  100  ppb  throughout 
most  of  the  test.  Figure  3  shows  that  each  daily  intro- 


TEST  18  PHASE  HI  3/21/66  -  4/S/66 


DAYS 


FRESHWATER  ADDITIONS 

- □ — o — □ — □ _ □ _ □ _ a _ □ _ □ _ □ _ n  n  n  n 


TEST  IB  PHASE  2H  3/21/66  -  4/5/66 


hg  1 


s 


TABLE  V 

test  is- phase  hi 


DEPOSIT  DtSTBIBUTtOM 


Laap 

Q/A-Bta/hr-ft* 

Haatod /Unhaatad  SWa 

Stock  Ucatton 

Qm/Unaar  Ft 

A 

150.000 

Haatad 

20 

0.B31 

A 

150,000 

Haatad 

19 

0.893 

A 

150,000 

Haatad 

IB 

0.770 

A 

150.000 

Haatad 

17 

0.731 

S 

150,000 

Haatad 

20 

1.169 

B 

150,000 

laatad 

19 

1.166 

B 

150,000 

Haatad 

17 

0.781 

B 

— 

Unhaatad 

20 

0.560 

B 

— 

Unhaatad 

19 

0.503 

B 

— 

Unhaatad 

17 

0.289 

No  appraciabia  amount  of  dapoait  could  ba  ramovod  from  tha  unhaatad  portion  of  tubing  at  Blocks  17A  to  20A. 


DEPOSIT  ANALYSIS 


X-ray  DWracttoa 


CMmlcil  Aaatyila.  % 


A  Laap 

BLaap 

Malor.  >30% 

CaSO, 

CaSO. 

Lo  Major.  20  to  30% 

Minor.  8  to  15% 

AljOi'NijO-fiSfO],  Fa.v04 

f*j0* 

Major.  >15% 

Fa.  Ca 

Fa.  Ca 

Lo  Major,  8  to  15% 

Si 

Minor.  3  to  8% 

Si 

Lo  Minor.  1  to  3% 

Ai.  Mg.  Na.  Cu 

Mg.  Cu 

so, 

22 

26 

CO, 

•*t.  <1 

Nag. 

P|0, 

<1 

1 

Sto, 

13 

6 

FajO, 

32 

40 

CaO 

25 

22 

MgO 

2 

2 

NajO 

2 

Cu 

1 

3 

A 

3 

Unhaatad  uda  dar^Hti  wart  c*,04  and  Cu  +  tract  altmant* 
Drum  dapoaite  wara  F*j04  and  Cu  +  tract  attmant* 


duction  of  fresh-watrr-contami  itnl  salt*  resulted  in  a 
pH  elevation  from  9.0  to  levels  slightly  in  rur* of  10. 0. 
and  a  conductivity  increase  fnan  approximately  2.0  to 
35.0.  Boiler  water  analy*r*  during  periods  of  simulated 
condenser  leakage  revealrd  water  chemeUry  variation* 
from  eaten tiaHy  *en>  m  Jid*  to  tlie  following  t  y jural  jieak 
solids  concentration*: 


Sodium 

6.0  ppm 

( alcium 

Trace 

Magneamm 

Trace 

('hkrvde 

1  6  ppm 

Stbra 

0.2  ppm 

Sulfate 

2  7  ppm 

(  art* 4)  de'vnV 

5. 1  ppm 

Ammonia 

0  01  |>)>m 

Boiler  water  bkiwdown  was  used  to  re-establish  normal 
cvHitrol  condition*  after  eacli  period  of  addition. 

hKreaw*  in  tube  crown  temperature  due  to  dr|to*il 
fitmalion  weir  exjjrrienred  during  thi*  test.  \  maximum 
temperature  elevation  of  ajvproximately  30  K  wa* 
experienced  at  Bkek  20  A. 

Inspection  of  the  teat  aertiona  revealed  that  the 
internal  surface*  were  covered  with  7.5  mil*  maximum  '■ 
of  very  d>‘tx*e  tenacious  deposit.  dig*  *  and  S'.  The 
depitut  dcrfnbutem  and  natpaitra  are  shown  in 
Table  \ 

f'Jvemical  cleaning  of  specimen*  f«w  removal  <rf  tb«» 
depiMt  wa*  difficult .  b**rever.  veveral  hour*  wukirg  in 


fig  4:  Upper— Aopeoronce  of  depornH  formed  on  tube 
airfare*  during  Tett  ft 

lamer  — Tube  mtrfoce  offer  removal  of  depot* i 
by  chemical  cieonng 


hg.  3  100X  photomicrograph  of  depot*  cram  M 
han  from  Ted  II 

hnl  1 1  hO  K'  inhibited  3  percent  h\^rhl>dr  »nd.  H  i 
pmrnl  ammonium  Nflus'ridc  and  I  ferrent  thiourea 
•4utinn  fl'nlialK  lnwnrd  deposits  mllnirnlK  for 
removal.  Inspection  of  tV  underlying  mrlal  rcvraled 
no  measurable  Metallurgical  eiaminal h*o 

nr  v  rated  no  changes  in  structure 


Lop-  Trtl  2fl,  Phtut  HI 

Coordinated  Phosphate  Boilfr  Water  Treatment  — 
pH  -  9.8  to  10.0 

Dirty  Boiler  Conditions  -  Fresh  Water  Condenser 
Leakage 

An  equilibrium  hydrogen  concentration  of  approxi¬ 
mately  65  ppb  was  reached  shortly  after  start-up  (Fig. 
6).  Subsequently,  fresh-water-contaminant-salt  injection 
was  started  and  the  addition  of  iron  oxide  and  rapper 
was  begun  several  hours  later.  Fresh-water-condenser 
leakage  resulted  in  small  increases  in  boiler  water  con¬ 
ductivity;  however,  no  change  in  pH  was  experienced 
(Fig.  7).  Boiler  water  analyses  during  periods  of 
simulated  condenser  leakage  revealed  water  chemistry 
variations  to  peak  levels  as  shown  in  the  following: 


pH 

10.0 

Sodium 

7.0  ppm 

Calcium 

negative 

Magnesium 

negative 

Chloride 

1.5  ppm 

Silica 

0.5  ppm 

Sulfate 

6.0  ppm 

Phosphate 

4.0  ppm 

Carbon  dioxide 

2.5  ppm 

No  increases  in  hydrogen  evolution  resulted  from  the 
injection  of  fresh  water  salt*.  TV  maximum  tube  metal 
temperature  increase  of  20  F  occurred  at  Block  20  A. 
During  shutdown  of  tlie  loop,  phosphate  concentrations 
increased  as  shown  by  Fig.  8. 

examination  of  the  test  sections  revealed  that  tV 
internal  surfa-vs  were  covered  with  up  to  5  mil*  of 
relatively  Inter,  porous  de|*»il.s  (Figs.  •>  and  10).  Table 
\  I  slmws  the  distrioution  and  analysis  of  this  material. 
TV  dr|K*ut  was  readily  removed  by  soaking  in  tV 
standard  hydrochloric  acid  and  thiourea  solution,  and 
t  V  underlying  metal  wa*  found  to  have  exjicrienced  no 
measnralde  rorn«*»on.  Metallurgical  examination  re¬ 
vealed  no  changes  in  I V  metal  structure. 

I  jag  Trtl  3H  P hntr  1 1 1 

Free  Caustic  Boiler  Water  Treatment  pH  «  10  S 

to  10  7 

Ihrlv  lioilrf  Conditions  Fresh  Water  tUmdenser 
leakage 

\  Vsr  hvdngen  concentration  of  a|>proximatel»  75 
pj*b  was  readied  siedlv  aftrr  start -up  Fig  II  .  Sub¬ 
sequent  I  v  .  fredi-w a trr -contaminant  inynrt  ton  w a* started 
and  sJmrtjy  t  Vreafter  addition*  of  iron  mde  and cojijirr 
were  Vgnn  f  resiiwaler-oailammant  inject  ion  resulted 
in  small  increases  in  UsW  water  conductivity  with  no 
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TEST  2B  PHASE  El  5/24/66  -  6/9/66 
TUBE  CROWN  TEMPERATURE  RISE 


DAYS 


Fig.  6 


significant  variation  in  pH  (Fig.  12).  Boiler  water 
analyses  during  periods  of  condenser  leakage  revealed 
water  chemistry  variations  with  typical  peak  solids 
concentrations  as  shown  by  the  following: 

pH  10.6 

Sodium  13.9  ppm 

Calcium  Trace 

Magnesium  Negative 

Chloride  2.8  ppn 

Sulfate  2.0  ppm 

Silica  0.3  ppm 

Phosphate  Trace 

Carbon  dioxide  5  ppm 


Injections  of  iron  oxide  and  copper  elevated  hydrogen 
concentrations  to  approximately  250  ppb  for  short 
periods;  however,  fresh  water  condenser  leakage  pro¬ 
duced  no  increases  in  hydrogen  concentration.  Reflux 
condenser  hydrogen  values  were  100  ppb  or  less 
throughout  most  of  the  run.  A  maximum  tube  metal 
temperature  increase  of  30  F  occurred  at  Block  20  A. 
During  shutdown  of  the  loop,  phosphate  concentrations 
increased  (Fig.  13).  Examination  of  the  test  sections 
revealed  that  the  internal  surfaces  were  covered  with 
up  to  5  mils  of  deposit  consisting  of  a  relatively  loose, 
porous  surface  layer  with  a  dense  underlying  film  (FigB. 
14  and  15).  Distribution  and  analysis  of  the  deposit 
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removed  from  the  test  surfaces  is  shown  by  Table  VII. 
The  deposit  was  readily  removed  by  soaking  in  the 
standard  hydrochloric  acid  and  thiourea  solution,  and 
the  underlying  metal  was  found  to  have  experienced  no 
measurable  corrosion.  Metallurgical  examination  re¬ 
vealed  no  changes  in  the  metal  structure. 

Log  —  Test  1C,  Phase  III 

Volatile  (NHj)  Boiler  Water  Treatment  —  pH  »  8.6 
to  9.0 

‘)irty  Boiler  Conditions  —  Seawater  Condenser 
Leakage 

The  surfaces  of  the  loop  were  chemically  cleaned  with 
inhibited  HC1,  then  passivated  by  alkaline  boiloul 


TABLE  VI 

TEST  2 B— PHASE  III 


Loop 

A 

A 

A 

A 

A 

A 

A 

B 

B 

B 

B 

B 

B 
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DEPOSIT  DISTBIBUTION 


Q/A-Stu/hr-ft* 

Heated/Unheated  Side 

Block  Location 

Qm/Llnear  Ft 

150,000 

Heated 

20 

1.033 

150,000 

Heated 

19 

0  832 

150,000 

Heated 

17 

0.543 

— 

Unheated 

20 

0.186 

— 

Unheated 

19 

0.252 

— 

Unheated 

18 

0.106 

Unheated 

17 

0.144 

150,000 

Heated 

20 

0.587 

150.00C 

Heated 

19 

0  689 

150,000 

Heated 

17 

0.475 

— 

Unheated 

20 

0.347 

“ 

Unheated 

19 

0.451 

Unheated 

18 

0.581 

Unheated 

17 

0.396 

X-Ray  Diffraction 
Spectrography 


Chomlcal  Analysis,  % 


Major,  >30% 
Minor,  8  to  15% 
Trace,  <4% 

Major,  >15% 

Lo  Major,  8  to  15% 
Minor,  3  to  8% 

Lo  Minor,  1  to  3% 

SO3 

C02 

PA 

SiOj 

CaO 

MgO 

Cu 


DEPOSIT  ANALYSIS 


A  Loop 

FeA  Fe304 
Cu,  Ca3(P04)2 
Mg3(P04)2 


Fe 

Cu 

Ca 


Mg 

Neg. 

Neg. 


10 

<1 

65 
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2 

14 


B  Loop 

Fe304,  Fe  A 
C*3(P04)2.  Cu 
Mg3(P04)2 


Fe 

Cu 

Ca 
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TABLE  VII 

TEST  3 B— PHASE  III 
DEPOSIT  DISTRIBUTION 


Q/A-Btu/hr-ft- 

Heated/Unheated  Side 

Block  Location 

Gm/Linoar  Ft 

150,000 

Heated 

20 

0.4343 

150,000 

Heated 

19 

0.6583 

150,000 

Heated 

18 

0  8641 

150,000 

Heated 

17 

0.8528 

— 

Unheated 

20 

0.0196 

Unheated 

19 

0.0278 

— 

Unheated 

18 

0.0444 

— ’ 

Unheated 

17 

0.0323 

150,000 

Heated 

20 

0.7980 

150,000 

Heated 

19 

1.0686 

150,000 

Heated 

18 

1.0516 

150,000 

Heated 

17 

0.8505 

— 

Unheated 

20 

0.0112 

— 

Unheated 

19 

0.0382 

— 

Unheated 

18 

0.0362 

Unheated 

DEPOSIT  ANALYSIS 

17 

0.0427 

X-ray  Diffraction 


Spoctrography 


Chomlcal  Analysis,  % 


A  Loop 

Heated  Side  Unheatod  Side 


Major,  30%  Fe  A 

High  Minor,  15  to  20%  - 

Minor,  8  to  15%  — 

Trace,  <4%  Fe304.  Cu 


(Analyses  confirmed  in  two 


Fe304,  Fej03 
Cu 

Ca3(P04)2,  CaC03 
SiO^Quartz) 
laboratories) 


Major,  15%  Fe 

Lo  Major,  8  to  15%  — 

Minor,  3  to  8%  — 

Lo  Minor,  1  to  3%  Cu,  Si 

Qualitative 

PA  3 

1 

93 
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Fe,  Cu 


Si.  Ca 

Mg 

Slight  P04 
Trace  C03 


B  Loop 


Heated  Side 

Unhtated  SM« 

FeA 

F«304 

— 

FtjOs,  Cu 

Fe304 

— 

Fe 


Cu.  Si 


4 

93 

1 


Fe 

Cu 

Si 

Ni.  Ca.  Mg 
Trace  P04 
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Fig.  9:  Upper —  Appearance  of  deposits  formed  on  tube 
surfaces  during  Test  2B 

Lower— Tube  surface  after  removal  of  deposits 
by  chemical  cleaning 


prior  to  starting  this  run.  Subsequently  the  test  sections 
were  installed  and  the  loop  was  placed  in  operation. 
Equilibrium  hydrogen  concentrations  of  100  ppb  were 
experienced  shortly  after  start-up. 

The  initial  introduction  of  seawater  condenser  leakage 
rapidly  depressed  the  boiler  pH  to  approximately  4.7 
(Fig.  17).  With  the  exception  of  a  short  duration 
increase  in  hydrogen  evolution  (Fig.  16)  when  the  first 
introduction  of  iron  oxide  and  copper  was  made,  no 
increase  in  hydrogen  concentration  was  observed 
throughout  most  of  the  first  day’s  operation  with 
depressed  pH  boiler  water.  The  fourth  injection  of  iron 
oxide  and  copper  tiiggered  a  massive  increase  in 
hydrogen  evolution  which  produced  concentrations  as 
high  as  550  ppb.  Appioximately  one  hour  after  this 
excursion  had  begun  the  pH  of  the  cooled  boiler  water 
sample  was  restored  to  specified  limits  by  the  introduc¬ 
tion  of  ammonia.  However,  the  addition  of  ammonia 
appeared  to  have  no  effect  upon  the  rate  of  hydrogen 
evolution.  Due  to  the  high  reflux  condenser  hydrogen 


Fig.  10:  100X  photomicrograph  of  the  deposit  cross 
section  from  Test  2B 
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TABLE  VIII 
TEST  1C— PHASE  III 

WATER  ANALYSIS 


154 

290 

564 

765 

900 

1059 

1116 

1128 

1143 

1095' 

1077' 

1026' 

906' 

750' 

678' 

482 

424 

336 

276 

223 

205 

177 

191 


8.38 

7.13 

5.95 
5.50 
5.70 
5.75 
6.00 
8.90 
8.90 
8.85 
8.85 
8.85 
6."0 
8.8j 

8.95 
9.00 
8.95 
8.92 
8.90 
9.10 
8.80 
8.90 
8.90 


66 

155 

230 

265 

265 

265 

205 

145 

130 

120 

110 

71 

51 

37 

33 

28 

18 

15 

13 

13 

1C 


8.8 

24.3 

39.8 
48.0 

47.5 
48.0 

34.5 

19.5 

18.5 

15.3 

18.8 

10.3 
6.8 
5.6 
4.8 
4.0 
2.0 
1.5 
1.2 
1.0 
0.8 
0.6 
0.5 


Ca 

ppm 

Trace 

0.4 

0.4 

0.4 

0.8 

0.8 

0.8 

0.8 

0.4 

0.4 

0.4 

0.4 

0.4 

0.4 

0.4 

0.4 

0.4 

0.4 

0.0 

0.0 

no 

0.0 

0.0 

0.0 


cnncnMrntlMt  (ram  Srum  nun  unplti 


Mg 

ppm 

Neg. 

0.5 

2.2 

2.9 

2.9 

3.2 

3.2 
2.7 

1.2 
1.2 
1.0 
1.2 
0.7 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.7 
0.2 
0.0 
0.0 


Cl 

t* 

14.8 

46.5 
77.0 

81.8 
81.1 

83.7 
61.9 

41.5 
37.4 

33.7 

29.6 

18.8 

7.3 

8.4 

8.0 

5.8 

2.6 

3.4 
2.6 
2  2 

1.9 

1.4 

1.5 


so4 

Fa  Tefal 

Cu  Total 

SK>2 

ppm 

ppm 

ppm 

ffi 

— 

0.008 

0.040 

0.226 

— 

— 

— 

0.240 

— 

0.036 

0.32C 

0.245 

1.4 

— 

— 

0.284 

2.3 

0.209 

0.840 

— 

— 

— 

0.295 

— 

0.108 

0.904 

0.327 

0.2 

— 

— 

0.325 

— 

O 

S 

0.256 

0.350 

— 

— 

— 

0.360 

— 

0.044 

0.808 

0.375 

— 

— 

— 

0.330 

— 

0.036 

0.368 

0.310 

— 

— 

— 

0.310 

— 

0.012 

0.048 

0.310 

— 

— 

— 

0.290 

— 

0.104 

0.944 

0.289 

0.6 

— 

— 

0.300 

0.012 

0.088 

0310 

- 

0.020 

0.128 

I 

— 

— 

— 

0.310 

— 

0.240 

0.112 

0.340 
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Fig.  11 


concentration  and  the  rate  of  temperature  increase 
noted  at  Block  19  A,  only  one  additional  injection  of 
iron  oxide  and  copper  was  made  during  this  run  (total 
added  «  500  gr).  As  shown  by  Figs.  16  and  17,  hydrogen 
concentrations  increased  in  spite  of  re-establishing  the 
pH.  Boiler  water  conductivity  was  reduced  by  blow¬ 
down  for  approximately  8  hours  before  a  reduction  in 
hydrogen  evolution  was  noted.  Hydrogen  concentra¬ 
tions  decreased  to  approximately  150  ppb  during  the 
night. 

No  further  additions  of  iron  oxide  and  copper  were 
made  on  the  second  day  of  testing;  however,  seawater 
condenser  leakage  was  added  throughout  the  day  shift. 
An  immediate  depression  in  pH  resulted  from  the  initial 


injections  of  seawater.  Hydrogen  concentrations  began 
to  rise  immediately  upon  depression  of  pH,  exceeding 
the  full  scale  reading  of  the  hydrogen  analyzer  for 
approximately  a  13-hour  period.  During  the  second  day 
of  operation,  no  significant  reduction  in  hydrogen 
evolution  was  experienced  until  the  boiler  water  solids 
were  reduced  by  blowdown.  After  this  massive  hydrogen 
excursion,  it  was  found  that  the  Block  19  A  tube  crown 
temperature  had  increased  approximately  45  F.  No 
appreciable  rise  in  temperature  was  noted  at  any  other 
location. 

Based  upon  the  hydrogen  evolved  during  these  two 
days  of  operation  and  the  accompanying  rapid  rue  in 
tube  crown  temperature,  it  appeared  that  extensive 
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Fig.  13 


corrosion  had  occurred  at  the  Block  19A  location.  On 
this  basis,  it  was  decided:  first,  to  decrease  the  heat  flux 
late  in  the  afternoon  of  the  second  day  of  operation, 
and  second,  to  terminate  the  teat  once  the  hydrogen 
concentrations  had  been  restored  to  normal  level. 
Shutdown  was  initiated  at  approximately  noon  on  the 
third  day  of  testing.  Throughout  the  period  of  the 
excursion  and  (lie  restoration  of  loop  conditions  to 
normal,  hourly  boiler  water  and  millipore  filu  r  samples 
were  taken.  Results  of  the  analyses  of  these  samples  are 
included  in  Table  Mil  and  IX. 

Inspection  of  the  test  sections  revealed  that  corrosion 
was  not  restricted  to  the  Block  19  location.  Corrosion 
sites  were  found  through<Hit  both  the  high  and  low 
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TABU  IX 

TUT  1C— PHASE  III 


Dal* 

8/9/66 


8/10/66 


X-RAY  DIFFRACTION  ANALYSIS  OF  MATERIAL  FILTERED*  FROM  BW 


TIkm 

Major 

Minor 

Traco 

PossiMo 

1030 

CU2O 

Mg(0H)2 

FS3O4,  Cu 

- 

1135 

MtfOHh 

CujO 

Cu.  F03O4 

— 

1200 

CU2O 

Mg(0H)2 

F03O4,  Cu 

— 

1300 

CuaO 

M8(OH)2 

F03O4,  Cu 

- 

1400 

CujO 

Mg(0H)2,  Cu 

F03O4 

— 

1500 

CU20,  Mg(0H)2 

- 

F03O4.  Cu 

- 

1700 

Mg(0H)2 

CuO 

Cu,  F0304.  CujO 

— 

1800 

Mg(0H)2 

CutO.  Foj04 

Cu 

- 

1900 

Cu^,  Mg(0H)2 

- 

F03O4,  Cu 

— 

2000 

CujO,  Mg(0H)2,  Fe,04 

— 

Cu 

— 

2100 

Mg(0H)2 

CujO 

F03O4,  Cu 

— 

2300 

Mg(0H)2 

- 

CU2O,  F0304,  Cu 

- 

0200 

Mg(0H)2 

- 

CU20,  F03O4,  Cu 

— 

0400 

Mg(0H)2 

- 

CU2O 

F03O4,  Cu 

0600 

Mg(0H)2 

• 

F03O4 

CU20,  Cu 

2(Mg9Fol)OSi02 

0800 

Mg(0H)2 

CujO,  Fe304.  Cu 

2(Mg-9Fe-  l)0Si02 

heat-flux  zones  of  the  “A”  and  “B”  test  loops.  In¬ 
spection  of  the  metal  surfaces  revealed  that  corrosion 
sites  were  covered  with  a  dense  brittle  oxide  (25-mils 
thick)  and  that  uncorroded  areas  were  covered  with  a 
thinner  less  dense  material  (Figs.  18  and  19).  Deposit 
distribution  and  analyses  are  included  in  Table  X. 
Specimens  from  the  test  sections  were  removed  and 
chemically  cleaned  using  the  standard  hydrochloric 
acid,  ammonium  bifluoride,  and  thiourea  solution.  The 
deposits  were  difficult  to  remove,  requiring  several 
hours  soaking  in  the  solution  and  considerable  agitation. 
The  underlying  metal  revealed  that  penetration  had 
occurred  to  a  depth  of  approximately  5  to  6  mils  in 
random  plugs  approximately  the  size  of  a  half  dollar. 
The  surface  of  the  metal  at  the  areas  of  attack  appeared 
to  have  an  etched  appearance  while  the  uncorroded 
portions  of  the  heated  and  unheated  tubing  appeared 
normal.  Metallurgical  examinations  of  the  corroded 
sfiecimens  showed  that  no  changes  had  occurred  in  the 
metal  structure. 


*8  }4:  Uppor~  Appooronco  of  doposri  formod  on 
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fig  IS  100 X  photomicrograph  of  fho  dopocri  crow 
•action  from  lop  38 
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150,000 
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TABLE  X 

TUT  1C— PHASE  III 

DEPOSIT  DISTRIBUTION 
Heated/Unheated  SW« 

He*  tad 

Heated 

Haatad 

Haatad 

Haatad 

Haatad 

Unhaatao 


Mack  Laeatfan 


17-20 


Qm/Unear  Pt 

2.6628 

3.1752 

2.4959 

0.4857 

0.0798 

0.0380 

»0.01 


X-»ay  Diffraction  Major,  >30% 

Minor,  8  to  15% 


Spactregraphy 


DEPOSIT  ANALYSIS 
A  loop 

Cerredad  Area  Uncorraded  Araa 

P*jO«  M^(OH)j 

CaS04 

3MaO-  2SJO*.  2H<0 
(Serpentina) 


Lo  Minor.  4  to  8%  MgCOH), 


Trace,  <4% 


Major,  >15% 
Minor,  3  to  8% 

Lo  Minor,  1  to  3% 
Qualitative 


Chemical  Analysis,  %  SI02 
F«j04 
CaO 
MgO 
Cu 
SO, 

co2 

P|0. 


•  Leap  AandBLeea 

Carradad  Araa  Uncarradad  Araa  Unhealed Ittde 

F*t°«  Mg(OH>j  F**°* 


Mg,  Fa 

Si,  Ca 

Slight  S04 


MgJOH), 


3MgO-2SK>r2HjO 

(Sarpantlna) 

CaS04 

FajO, 

Fa,  Mg 
Si 

Ca.  Cu 


Co,  Si.  Mg 


Insufficient  Sample 
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TABU  XI 

TEST  2C— PHASE  III 

WATER  ANALYSIS 
Na  Ca  Mg 


a 

»4 

NTiW 

CwTetml 

3 

0 

0.020 

0.122 

13 

2 

— 

35 

3 

— 

__ 

60 

— 

0.180 

0.550 

54 

— 

_ 

.. 

51 

— 

— 

43 

- 

0.124 

0.490 

— 

— 

— 

— 

— 

— 

— 

_ 

21 

— 

0.090 

0  068 

26 

— 

— 

22 

- 

— 

__ 

19 

- 

0.06 0 

0.002 

14 

_ 

8 

— 

— 

6 

— 

— 
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TEST  1C  PHASE  IE  8/7/66  -  8/10/66 
TUBE  CROWN  TEMPERATURE  RISE 
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Log  -  TfH  2C.  Phase  III 

Coordinated  Phosphate  Boiler  Water  Treatment 
pH  »  9.8  to  10.0 

Dirty  Boiler  Omditions  Seawater  <  ondensrr 

leakage 

An  equilibrium  base  hydrogen  concentration  of 
approximately  100  ppb  was  established  sh  wily  after 
start-up  iFig.  20).  On  tlie  followinir  day  srawaler  con¬ 
taminant  addition  was  begun; however.  the  introduction 
of  copper  and  in>n  oxide  was  delayed  *o  that  the  effects 
of  condenser  leakage  could  be  observed  witbait  other 
contaminants  pr.nent.  In  spite  of  a  depre^am  in  pll  to 
approximately  5.0.  no  increase  in  hydrogen  evolution 


was  noted.  Iron  oxide  and  copper  addition*  were  begun 
on  the  third  operating  day  and  subsequently  pH 
excursions  were  accompanied  by  excursions  in  hydrogen 
evolution.  The  effect  of  seawater  introduction  on  pH 
and  conductivity  may  be  seen  in  Fig.  21. 

Seawater  injection  was  stopped  on  (lie  thirteenth  day 
of  oprratrm  since  the  tube  crown  temperatures  at  all 
test  locations  had  increased  to  high  values.  Block  20.A 
rxprnrnced  the  greatest  temperature  rise,  approxi¬ 
mately  100  F.  Hydrogen  concentration*  remained  at 
approximately  50  ppb  for  the  last  several  days  of 
operation  with  no  additions  of  seawater  ennlaminants. 

Table  \l  show*  typical  analyses  of  the  baler  water 
during  a  firriod  of  mndrnarr  leakage,  defining  the  range 
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CONDUCTIVITY,  ^mhot 
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BOILER  WATER  CONDUCTIVITY 
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TEST  1C  PHASE  1ZT  8/7/66  -  8/10/66 
BOILER  WATER  pH 


DAYS 


fig.  17 


Date 

9/20/64 


TAM.C  IM 
TOT  K-PtUM  HI 

i-«at  MmucnoM  AMAion  or  turtauu.  niTtoco  noa  wm 
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Cu 
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CujO 
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Cu 
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Cu 

Cu,C 
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Cv 

7*jO*.  CujO 
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— 
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17 


hg.  18  Upp«r~App«mK*  of  depoets  formed  on 
bbf  nrbcM  and  corromon  "ptuQs" 
from  Tmf  K 


lower  —  Tube  wrfoci  oft«r  removal  of  depomft 
by  chemical  deonmg 


19  100  X  pho*ormtrogrofih  of  If*  depomf  aom 

mcrhon  from  Ted  1C 


of  chemistry  from  the  time  prior  to  the  introduction  of 
contaminants,  through  a  pH-hydrogen  excursion,  and 
the  period  when  control  conditions  were  re-established. 
Analyses  of  millipore  filter  residues  are  also  included 
(Table  XII).  During  shutdown  of  the  loop  phosphate 
concentrations  increased  as  shown  by  Pig.  22.  Exam¬ 
ination  of  the  test  sections  revealed  that  the  internal 
surfaces  were  covered  with  a  dense  deposit  approxi¬ 
mately  40  mils  thick  (Figs.  23  and  2  4).  The  distribution 
and  composition  of  deposits  are  shown  in  Tab;  XIII. 

Deposits  were  removed  from  specimens  with  great 
difficulty  by  chemical  and  mechanical  cleaning,  and  the 
underlying  metal  was  examined.  Considerable  surface 
pitting  to  a  depth  of  approximately  3  mils  was  noted. 
This  random  attack  was  observed  throughout  most  of 
the  heated  surfaces. 

Initial  metallurgical  examination  revealed  some 
surface  decarburization  in  localized  areas.  In  order  to 
ascertain  the  significance  of  the  deeai  burizat  ion,  it  was 
decided  to  examine  the  ductility  of  the  material.  It  was 
felt  that  such  a  test  would  indicate  whether  or  not 
incipient  hydrogen  damage  was  present.  Tensile  test 
specimens  were  prepared  from  sections  of  the  heated 
and  unhealed  sides  of  the  tubing.  The  specimens  were 
pulled  to  failure  and  sections  were  removed  for  metal¬ 
lurgical  examination.  As  shown  by  Fig.  25.  no  Insuring 
was  present  nor  loss  of  ductility  experienced. 

[*g  Trst  3C.  Phase  HI 

Free  Caustic  Boiler  Water  Treatment  pH  =  10.5 
to  1 0.7 

l>irt>  Boiler  Condition*  Seawater  Condenser 
leakage 

\  base  hydrogen  concent  rat  ion  of  approximately 
100  ppb  was  established  shortly  after  startup  ami  sea¬ 
water  addition  was  begun.  Copper  and  iron  oxide 
injections  were  delayed  for  an  additional  day.  Vs  shown 
in  Figs.  2b  and  27.  the  introduction  of  seawater  mn- 
denaer  leakage  depressed  the  pff  during  each  of  the 
first  12  days  >>f  <>|ienition.  No  increases  in  hydrogen 
concentration  <irrurred  with  low  pll  operation  until 
after  the  injection  of  jwelssler  nm*i>n  pr»*iurts. 
Excursion*  in  pll  generally  resulted  in  increases  in 
hvdnsrrn  rsolulmn;  howeier.  on  the  last  three  days  of 
operation  neither  significant  changes  in  pH  m*  Hydro¬ 
gen  concentration  were  m-lrd.  During  this  |eni«i  the 
increase  in  conduct  inly  was  the  same  as  had  been 
exjienrnced  with  |«rc»*m*  additions  of  seawater. 

Table  \ l\  illusi rates  ty|wcal  canal K>ns  in  boiler 
water  chemistry  dunng  a  pll-hydnsfen  excursion 
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TABU  Kill 
TUT  2 C— PHAM  III 

DWOSIT  DISTRIBUTION 


Q/A-Bta/hr-f^ 

Heated /Unheated  Side 

150,000 

Heated 

150,000 

Heated 

150,000 

Heated 

150.000 

Heated 

- 

Unheated 

— 

Unheated 

— 

Unheatad 

— 

Unheated 

150.000 

Heated 

150.000 

Heated 

150.000 

Heated 

150,000 

Heated 

— 

Unheated 

— 

Unheated 

— 

Unheated 

Unheatad 

DUOSIT  ANALYSIS 

A  leae 
Heated  Side 

Major.  30% 

FejO, 

Hi  Minor.  15  to  20% 

lo  Minor.  4  to  8% 

— 

Seecteegreghf 


Trace,  <4% 

Major.  15% 

Minor.  3  to  8% 
lo  Minor  1  to  3% 
Qualitative 


TejOj.  CaCOj 

Fa 

Na 

Mg.  Ca.  Cu 

Conaiderabte  PO« 
Trace  CO, 


Chemical  Aaalyala.  % 


a 

CaO 

MgO 

NaO 

Cu 


29 

1 

56 

1 

2 

12 

2 


Black  location 

20 

19 
IB 

17 

20 

19 

18 

17 

20 

19 

18 

17 

20 
19 

18 
17 


Sm/Unear  Ft 

5.5755 

7.3672 

3.3642 

1.8360 

0.0167 

0.0187 

0.0099 

0.0313 

0.7143 

0.6903 

0.5172 

1.399 

0.0811 

0.0325 

0.0487 

0.0982 


F*rf>, 


8  leap 


MgrfPO,), 

Cu 


Fe 

Mg.  Ca.  Cu.  Na 
Si 

Considerable  PO« 
Trace  SO, 
Trace  CO, 


1 

18 

1 

65 

3 

5 

6 
3 


Unhealed  Slda 

Cu 

F»jO, 


Cu.  Fa 

Mf.i.Ce 
Slight  PO, 


3 

2 

21 

2 

3 
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TABU  XIV 
TUT  K-NUIl  III 


OATS 

10/26/66 


TIME 

Si 

»H 

Ceed. 
m  ether 

0800 

219 

10.6 

110 

0900 

225 

10  6 

120 

1000 

186 

10.4 

105 

1100 

144 

10.1 

150 

1200 

108 

9.5 

185 

1300 

87 

84 

265 

1400 

72 

5  5 

320 

1500 

72 

46 

395 

1600 

300 

4  5 

430 

1700 

365 

5.2 

350 

1800 

513 

10  2 

260 

1900 

280 

106 

230 

2000 

194 

10.6 

215 

2100 

194 

108 

215 

2200 

204 

106 

185 

2300 

190 

10  5 

150 

2400 

210 

10.7 

165 

0100 

336 

10  7 

200 

0200 
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10  7 

160 

WATU  ANALYSIS 
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Ca 

*% 
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P9* 
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— 

— 

— 

— 

— 

— 

— 

_ 

12 

0 

0 

3  23 

21 

0 

0 

1  19 

30 

0 

0 

44 

0 

0 

2  38 

52 

0 

0 

0 

70 

0 

0 

0 

76 

0 

0  2 

0 

56 

0 

0 

0 
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0 

0 

4  08 

36 

0 

0 
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36 

0 

0 

5  27 

37 

0 

0 

6  3 

29 

0 

0 

4.8 
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0 
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30 

0 

0 
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20 

0 

0 
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15 

0 

0 
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o 
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N 

Ce 
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— 

— 

- 

— 

0.024 
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— 

— 

— 

— 
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0.4 

10 

— 

0046 
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0 

26 

5 

— 
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0 

36 

— 
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0 

52 

8 

— 
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0 

68 

— 
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0.112 

0 

82 

14 

— 
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0 

82 

— 
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0.106 

0  4 

76 

10 

- 
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0  6 

40 

- 

0032 

0.017 

_ 

10 

30 

8 

— 
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10 

30 

— 

0  005 

0012 

to 

77 

5 

- 

0.046 

0  6 

71 

— 

0  003 

0.011 

2  2 

16 

7 

- 
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16 

- 

0002 

0012 

2  2 
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5 

— 

— 
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10 

9 
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TEST  2C  PHASE  BI  9/11/66-9/26/66 
TUBE  CROWN  TEMPERATURE  RISE 


DAYS 


Fig.  20 


re '■lilting  from  seawater  injection.  Aleo  included  (Table 
XV)  are  analyses  of  millipore  filter  residues  accumulated 
during  the  same  operating  period.  Figure  28  shows  the 
phosphate  hideout  data  obtained  during  shutdown.  A 
maximum  tube  crown  increase  of  30  F  was  experienced 
at  Block  20A. 

Examination  of  test  sections  revealed  that  the 
internal  surfaces  wore  covered  with  a  relatively  porous 
deposit  approximately  45  mils  thick  (Figs.  29  and  30). 
Distribution  and  analysis  of  the  deposits  are  listed  in 
Table  XVI.  The  deposits  were  removed  from  the  test 
surfaces  by  chemical  cleaning  with  the  standard  hydro¬ 
chloric  acid,  ammonium  bifluoride,  and  thiourea  solu¬ 
tion,  and  the  surface  inspected.  Examination  revealed 


considerable  attack  in  various  areas  (Fig.  29).  Corroaion 
sites  were  similar  in  appearance,  but  smaller  than  the 
plugs  seer,  after  test  1C.  The  depth  of  corrosion  was 
estimated  to  be  approximately  10  mils  maximum 
penetration.  Metallurgical  examination  revealed  no 
changes  in  metal  structure. 

DISCUSSION  OF  RESULTS 

The  discussion  of  results  is  divided  into  two  sections 
each  of  which  includes  observations  from  the  six  tests  of 
Phase  III,  ( i roups  B  and  C,  as  well  as  comparisons  with 
the  previously  reported  results  of  the  Phase  III,  Group 
A  tests.  The  two  subjects  discussed  in  these  sections 
are  (1)  deposits  and  (2)  corrosion. 
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TEST  2C  PHASE  HI  9/11/66  -  9/26/66 
BOILERWATER  pH 
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Fig.  21 


TABLE  XV 

TEST  3C— PHASE  III 


X-RAY  DIFFRACTION  ANALYSIS  OF  MATERIAL  FILTERED  FROM  BW 
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1100 

Fe,04 
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— 
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3  faint  iinea  unidentified 
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TABLE  XVI 
TEST  3C— PHASE  III 

OEPOSIT  DISTRIBUTION 


Q/A-Btu/h  r-ft* 

Heated/Unheated  SMa 

Block  Location 

Gm/Llnoar  Ft 

150,000 

Haatad 

20 

4.5867 

150,000 

Heatad 

19 

1.4889 
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18 

1.7067 

150,000 

Heatad 

17 

2.7601 

— 

Unheated 

20 

0.2329 

— 

Unheated 

19 

0.1725 

— 

Un  heated 

18 

0.2258 

- 

Un  heated 

17 

0.2815 

150,000 

Heated 

20 

2.0319 
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Heated 

19 

1.4352 
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Heatad 

18 

2.7256 

150,000 

Heated 

17 

2.3906 

— 

Unheated 
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— 

Unheated 
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0.1774 

— 

Unheated 

18 

0.0935 

— 

Un  heated 

17 

0.1020 

X-ray  Diffraction 


Spoctrography 


Chemical  Analysis,  % 


DEPOSIT  ANALYSIS 

A  Loop  B  Loop 


Heatad  SMa 

Unheated  SMa 

Haatad  SMa 

Unheated  SMe 

Major,  30% 

Fe30, 

Fe30, 

Fe30, 

Cu 

Minor,  15  to  20% 

— 

Cu 

Cu 

Cu^,  Fe30,,  Fe203 

Lo  Minor,  4  to  8% 

Cu 

Mg3<P04)2 

Fe203 

— 

Trace,  <4% 

— 

Fe^ 

— 

— 

Major,  15% 

Fe 

Fe 

Fe 

Cu,  Fe 

Lo  Major,  8  to  15% 

— 

Cu 

Cu,  Mg 

— 

Minor,  3  to  8% 

Cu 

Mg 

Ca 

— 

Lo  Minor,  1  to  3% 

Mg,  Ca,  Si 

Ca,  Si 

Si.  Na 

— 

S03 

Neg. 

Neg. 

Neg. 

C02 

Neg. 

— 

— 

— 

P20, 

5 

5 

10 

— 

Si02 

1 

1 

1 

- 

Fe&3 
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— 

27 

Fe30« 

84 

90 

71 
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CaO 

2 

2 

3 

— 

MgO 

3 

4 

7 

— 

Cu 

7 

10 

10 

68 

resT  2c  phase  m 

PHOSPHATE  HIDEOUT 


01  I  I  «  »  f  » 

TIME  -HOUPS 


Fig.  22 


Deposits 

The  second  progress  report  on  “A  Research  Study  of 
Internal  Corrosion  of  High  Pressure  Boilers."  described 
some  observed  trends  in  the  deposition  of  corrosion 
products  and  their  relationship  to  local  heat  flux  and 
mixture  quality.  The  results  of  the  last  six  tests,  during 
which  condenser  leakage  as  well  as  corrosion  products 
were  injected,  reveal  some  differences  in  the  distribution 
of  deposits  on  heat  transfer  surfaces  from  those  pre¬ 
viously  reported.  In  general,  during  both  groups  of 
tests,  the  deposition  of  contaminants  was  greater  at  the 
high  heat  flux  than  in  the  lower  heat-flux  locations; 
however,  quality  did  not  appear  to  have  a  pronounced 
effect  during  tests  with  condenser  leakage. 
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Fig.  23:  Upper — Appearance  of  deposits  formed  on 
tube  surface  during  Test  2C 


Lower — Tube  surface  after  removal  of  deposits 
by  chemical  cleaning 


Fig.  24:  250X  photomicrograph  of  the  deposit  cross 
section  from  Test  2C 


The  weight  of  deposits  found  on  the  tube  surfaces 
from  the  volatile  and  coordinated  phosphate  tests, 
with  fresh  water  condenser  leakage,  did  not  vary 
significantly  from  the  corresponding  tests  during  which 
only  simulated  preboiler  corrosion  products  were  em¬ 
ployed.  However,  the  presence  of  precipitated  salts 
resulted  in  the  formation  of  slightly  thicker,  less  dense 
de|H>sits  which  induced  greater  increases  in  tube  metal 
temperature  (20  to  27  F  vs  0  to  7  F). 

The  results  of  the  free-caustic-treatment,  fresh-water 
condenser-leakage  test  were  vastly  different  from  those 
of  the  previous  caustic  test  during  which  heavy  deposits 
of  iron  oxide  and  rnpper  accumulated  and  severe  corro¬ 
sion  occurred.  Neither  additions  of  iron  oxide  and 
cop|MT  nor  injections  of  fresh-water  condenser  leakage 
produced  elevations  in  lube-metal  temperature  com¬ 
parable  to  the  earlier  test.  The  small  increases  in 
teni|»erature  which  resulted  from  additions  of  corrosion 
products  wer*  short  lived  in  contrast  to  the  longer 
duration  cycles  previously  exjierienoed.  These  data 


Fig.  25:  Upper— 250X  photomicrograph  of  test  section 
tube  metal  after  Test  2C 


lower— 100X  photomicrograph  of  lest  section 
tube  metal  after  tensile  test. 
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TUBE  CROWN  TEMPERATURE  RISE 
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Fig.  26 


suggest  that  differences  in  the  chemistry  of  the  system 
(with  fresh-water  condenser  leakage)  prevented  the 
formation  of  stable  deposits  of  p  re  boiler  corrosion 
products. 

Data  from  the  three  tests  with  seawater  condenser 
leakage  showed  that  deposition  on  heat  transfer  surfaces 
was  greater  than  during  the  fresh  water  tests.  This  is  in 
accord  with  the  relative  quantities  of  hardness  salts  in 
the  respective  contaminant  solutions.  Deposition  of 
corrosion  products  did  not  appear  to  be  significantly 
greater,  however,  they  were  found  to  play  a  key  role  in 
the  initiation  of  caustic  attack  as  well  as  other  types  of 
corrosion  during  this  group  of  tests.  These  results  are 
discussed  in  detail  in  tlie  section  on  corrosion. 


During  both  thefresh  waterand  seawater  contaminant 
tests,  frequent  samples  were  taken  to  determine  the 
insoluble  phases  formed.  It  is  worthy  of  note  that  with 
but  one  exception  no  precipitated  ourdneas  was  detected 
in  large  samples  (8  to  10  liters)  filtered  through  either 
0.1  or  0.45  micron  pore  size  filters.  The  exception 
occurred  during  the  run  with  volatile  treatment  and 
seawater  condenser  leakage  when  magnesium  hydroxide 
was  found  on  the  filters.  AH  of  the  deposits  removed 
from  (lie  heat  transfer  surfaces  contained  precipitated 
salts.  The  results  indicated  that  precipitation  of  calcium 
and  magnesium  compounds  occurred  at  t  lie  heat  transfer 
surfaces  or  within  the  matrix  of  deposit  on  the  surfaces 
rat  Iter  than  in  tlie  bulk  boiler  water. 
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TEST  3C  PHASE  M  10/16/66  -  KV  31/66 
BOILER  WATER  CONDUCTIVITY 


TEST  3C  PHASE  2U  10/16/66  -  10/31/66 


BOILER  WATER  pH 


ft*.  27 


Deposits  firmed  during  tests  with  condenser  leakage 
were  .generally  of  a  mixed  matrix  of  iron  oxide,  copper, 
and  precipitated  salts.  In  attempting  to  chemically 
clean  the  specimens  for  surface  examination,  it  was 
found  that  removal  of  dr|»osits  was  frequently  dilTicult 
even  wife  re  magnetite  was  a  major  const  it  uenl.  The 
deposits  from  two  volatile  treatment  runs  were  extremely 
difficult  to  remove  with  hot  (IhO  F)  inhibited  hydro¬ 
chloric  acid  (5  percent),  thiourea  (I  percent  i.  «ihI 
ammonium  bitluoride  (0.3  |>ercent )  solution,  even  with 
a  great  deal  of  surface  agitation,  (’leaning  the  surfaces 
of  s|iecimens  from  the  coordinated-phosphate  test  with 
seawater  leakage  was  also  very  diflicult.  In  each  case 
the  problem  of  de|xwit  removal  seemed  to  lie  related  to 


the  complex  matrix  of  the  material  and  the  relative 
dissolution  rate  of  its  component  parts.  The  leas  soluble 
materials  prevented  adequate  contact  between  the  acid 
solution  and  tl»e  more  soluble  constituents.  Much  of 
tliese  de|Mwits  finally  llaked  hsme  from  the  metal  surface 
instead  of  entering  tlie  solvent  solution.  Another 
interesting  observation  was  that  the  composition  of  the 
drum  dejsisits  bore  little  similarity  to  those  found  on 
tl»e  lira!  transfer  surfaces.  Drum  deposits  generally 
consisted  of  gravity-separated  iron  oxide  and  copper, 
and  frequently  contained  no  delectable  concentration 
of  precipitated  salts,  whereas  the  latter  formed  t 
significant  jn»rtu>n  of  tlie  dejmsjls  on  the  lieat  transfer 
surfaces  of  imth  tlie  |>rrhrat  and  lest  sections. 
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TEST  SC  PHASE  3 
PHOSPHATE  HIDEOUT 


Corrosion 

Inspection  of  tube  specimens  from  three  tests  per¬ 
formed  with  both  fresh-water  condenser  leakage  and 
corrosion  product  contamination  revealed  that  no 
detectable  corrosion  had  occurred.  This  absence  of 
corrosion  under  severe  heat  transfer  conditions  in  the 
presence  of  these  contaminants  may  be  explained  by 
the  nature  of  the  observed  deposits  and  the  concurrent 
boiler  water  chemistry. 

The  most  obvious  effect  of  the  addition  of  fresh-water 
condenser  leakage  during  the  volatile  run  was  an 
elevation  in  pH  from  the  range  of  8.6  to  9.0  to  approxi¬ 
mately  10.0;  the  increase  resulted  from  the  thermal 
decomposition  of  the  bicarbonates  added  to  the  boiler 
water.  Calcium  precipitated  at  the  heat  transfer  surfaces 
and  dep<isited.  primarily,  as  calcium  sulfate.  Magnesium 
compounds  in  the  debits  were  not  present  in  sufficient 
concentration  for  jHisitive  identification.  The  net  result 
of  the  injection  of  moderate  amounts  of  this  tyfie  of 
condenser  leakage  was,  therefore,  a  change  in  Imiler 
water  chemistry  from  "zero  solids"  volatile  treatment 
to  a  low-level  free-caustic  treatment  with  neutral  salts 
in  solution  (sodium  sulfate  and  sodium  chloride).  This 
chemistry,  in  conjunction  with  the  relatively  thin, 
dense  deposits  formed,  and  the  resulting  moderate 
increase  in  tube  metal  tem|ieralure  <30  F>.  did  not 
constitute  an  aggressive  environment. 

The  results  of  the  isMirdiuated-phosphate  lest  were 
similar,  with  the  exception  that  <  alcium  and  magnesium 
precipitated  as  phosphates.  The  calcium-phosphate  re¬ 
action  resulted  in  higher  concent  rat  ions  of  sulfates  in 
solution  than  during  the  volatile  run.  The  simulation  of 
Condenser  leakage,  in  effect,  only  is  instituted  a  change  in 
boiler  water  chemistry  from  inordinated-iihosphaie  to 
low-caustH'  phosphate  treatment  with  higher  total 
solids.  No  significant  change  in  pil  was  ev|"TH‘iiceil 
Tins  combination  of  water  chemistry,  the  rel.it ivelv 
thin  liaise  dr|sisi|s.  and  a  resulting  2n  f  tiicre.i-*-  in  tube 
metal  lemjieralure  was  not  corrosive  to  tube  metal 


The  last  test  in  this  series  was  run  with  free-caustic, 
low-phosphate  treatment.  The  results  were  much  the 
same  as  those  from  the  coordinated-phosphate  run  with 
the  exception  of  the  greater  amounts  of  free  caustic 
alkalinity  in  the  boiler  water  and  the  depletion  of  the 
entire  phosphate  residual  during  [leriods  of  simulated 
condenser  leakage. 

The  absence  of  gouging  attack,  such  as  that  experi¬ 
enced  in  a  prior  caustic  test.  ap|>ears  most  closely 
related  to  the  formation  of  deposits,  although  other 
factors  play  a  part.  The  data  from  the  earlier  test, 
which  was  run  under  similar  conditions  but  without 
simulated  condenser  leakage,  reveal  that  substantial 
deposits  formed  immediately  upon  the  injection  of 
corrosion  products  into  the  loop.  These  deposits  were 
sufficiently  stable  to  sustain  an  elevated  tube-metal 
temperuture  and  a  correspondingly  high  corrosion  rate 
for  fieriods  ill  excess  of  one  day  after  each  group  of 
contaminant  injections.  Comparisons  of  these  tem|>era- 
ture  and  hydrogen  data  with  those  from  the  tests  with 
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Fig.  30:  100X  photomicrograph  of  'ho  deposit  cross 
section  from  Test  3C 

fresh-w  ater  condenser  leakage  revealed  significant  differ¬ 
ences.  During  the  latter,  each  addition  of  iron  oxide  and 
cop|ier  rrsnlted  in  only  minor  increases  in  tidie-metal 
lem|KTatnn‘  and  hydrogen  concentration,  followed  by 
rapid  decreases  in  these  values. 

The  introduction  of  fresh-water  condenser  leakage 
appa-ars  to  liave  reduced  tiie  de|  Nisi  lion  of  iron  oxide  and 
co|>|M*r  contaminants.  thereby  minimising  the  equil¬ 
ibrium  concentration  of  caustic  and  other  salts  at  the 
dejMisil -metal  interface.  The  presence  of  siilisluulial 
conn-nl  ml  ions  of  neutral  salts  in  solution  would  also 
tend  to  minimize  the  caustic  concent  rat  ion  occurring 
within  the  dc|Misit  l>>  a  dilution  effect .  TIm-sc  factors 
a|i|x-ar  to  la-  primarily  resjHinsible  for  the  aliscwc  of 
gonging-l  y  |  a-  attack  during  all  three  fr*-s|i-waler 
oindcnscr-leukagc  runs.  The  lest  ri-sultsdo  not  indicate 
that  t hoc  niuditions  would  produce  an\  other  charac- 
icristic  t y  j x*  of  corrosion. 

I.xaminalion  of  tula-  sjas-inii-ns  from  three  (cs|n  hiiIi 
siniolalcil  seawater  eoiiilenser  leakage  n-»eaki|  that 
■sirrosion  m  \  .'trying  degrees  hail  <«'curnsl  during  each 
run  The  data  'hows  that  attack,  resulting  dm-clh  from 
the  addition  of  w-awalcr  conlamioaul .  urnsl  milt 
after  the  residual  holler  had  lieeii  deplcli-d  during  I  to- 
coordinated-phosphate  and  free -caustic  runs.  I  luring 
tin-  total  lie  lest,  however.  1 1  -rr-tsh  HI  progress'd  uu|e- 
|iendenl  of  tin1  presents-  of  ammonia  1 1«-  data  from 


each  test  revealed  the  importance  of  the  deposits  with 
respect  to  the  initiation  of  corrosion.  It  was  found  that 
a  pH  excursion  (4.5  to  5.0)  resulting  from  the  injection 
of  seawater  leakage  did  not  result  in  an  increase  in 
corrosion  rate  until  the  heat-transfer  surfaces  had 
become  fouled  with  dejmsits.  During  these  tests  the 
initial  fouling  resulted  from  the  addition  of  corrosion 
product  contaminants. 

The  results  of  the  caustic  test  are  of  particular  interest 
since  on  some  days  high  rates  of  hydrogen  evolution 
occurred  alternately  in  both  the  acid  environment 
created  by  the  seawater  injection  and  the  alkaline 
environment  produced  by  boiler  water  control  with 
sodium  hydroxide.  The  phenomenon  is  defined  by  the 
pH  and  hydrogen  data  from  this  test.  The  data  also 
shows  that  increases  in  hydrogen  concentration  did  not 
always  accompany  pH  excursions  nor  did  significant 
reductions  in  pH  occur  with  each  seawater  injection. 
These  exceptions  to  the  normal  pattern  are  not  clearly 
understood. 

Test  data  (principally  from  the  volatile  test)  indicate 
that  pH  excursions  and  the  accompanying  corrosion 
occurred  as  a  result  of  the  reaction  of  magnesium  ions 
with  boiler  water.  In  the  absence  of  a  residual  buffer, 
magnesium  precipitated  as  magnesium  hydroxide, 
thereby  reducing  the  hydroxyl  ion  concentration  in  the 
boiler  water.  This  reaction  resulted  in  an  effective 
reduction  of  the  bulk  water  pH  to  approximately  (.5. 
Since  ammonia  remains  virtually  uudissociated  at  the 
ofierating  conditions  of  these  tests  (2W)0  |>sia.  b?l  F)  its 
injection  to  control  pH  provided  no  effective  buffering 
and.  therefore,  the  reaction  of  magnesium  with  the 
boiler  water  continued  to  lie  the  controlling  phenom¬ 
enon.  In  the  cool  boiler  water  sample,  dissociated 
ammonia  provided  sufficient  hydroxyl  ion  concentration 
for  complete  precipitation  of  (lie  soluble  magnesium 
and  an  elevation  of  the  sample  pH  to  the  control  range. 
Reduction  of  lla*  corrosion  rate  of  tlie  metal  surfaces 
was  not  accomplished  until  tlie  salt  cow-cut  rat  ion  of 
tin-  Imilcr  water  was  sufficiently  depleted  by  blowdown. 
The  introduction  of  either  sodium  phosphate  or  sodium 
hydroxide  during  sultsetpieiit  tests  wen-  effective  in 
controlling  attack  without  significant  blow down  under 
similar  conditions. 

n»\(XI  SIONS 

liased  u|n>ii  I  lie  resultsof  tin- entire  research  program, 
the  following  conclusions  have  lieen  made: 

I.  |><-|MiNi|ion  of  tioiicr  water  contaminants.  Imtli 
simulated  |*rc|>oilrr  corrosion  products  awl  con¬ 
denser  leakage,  occurred  primarily  on  tlie  heated 
l-ortion*  of  the  lest  sorfrm- 

Willi  few  exceptions.  prelioilrr  rom*sion  posh  tils 
deposited  from  snsjiension. 
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3.  Most  condenser  leakage  constituents  precipitated 
and  deposited  at  the  heat-transfer  surfaces  rather 
than  in  the  bulk  stream. 

4.  The  amount  and  location  of  preboiler  corrosion- 
product  deposition  was  affected  by  boiler  water 
treatment  and  the  presence  of  condenser  leakage. 

5.  Deposition  of  preboiler  corrosion  products  was 
greater  in  the  A  loop  (23  to  35  percent  quality) 
than  in  the  B  loop  (8  to  20  percent  quality)  at 
identical  conditions  of  water  chemistry,  heat  flux, 
mass  velocity,  and  pressure.  The  formation  of 
deposits  resulting  from  condenser  leakage  was  not 
appreciably  affected  by  mixture  quality;  approxi¬ 
mately  equal  amounts  of  these  materials  having 
been  found  at  similar  locations  in  both  the  A  and  B 
loops. 

6.  Within  a  four-block  test  section,  deposition  of  pre¬ 
boiler  corrosion  products  increased  with  mixture 
quality  at  constant  heat  flux  (i.e.,  block  20  >  19  >  18 
>17  and  block  21  >23 >22 >21).  Deposition  of 
condenser  leakage  constituents  was  not  clearly 
affected  by  increasing  mixture  quality  within  each 
section. 

7.  Within  each  test  section,  the  deposition  of  both 
preboiler  corrosion  pniducts  and  condenser  leakage 
was  greater  in  the  high-heat-flux  zone  (bhirks  17  to 
20.  150,000  Btu  hr-ft5)  than  in  the  low-heat -flux 
zone  (Mocks  21  to  24,  110.000  Btu  hr-ft5). 

8.  Volatile  treatment  permitted  the  formation  of 
difficult  to  remove  deposits.  The  deposits  formed 
with  this  type  boiler  water  treatment  had  higlier 
concentrations  of  precipitated  hardness  and  silicon 
compounds  than  with  coordinated  phosphate  or 
free  caustic  boiler  water. 

9.  Coordinated  phosphate  and  free  caustic  treatment 
reduced  the  amount  of  de|x»sitiou  and  resulted  in 
less  objectionable  deposits  fnmi  ll»e  standpoint  of 
cleaning  wlien  fresh-water  condenser  leakage  was 
introduced  to  the  test  boiler. 

10.  In  all  cases,  wlien  corrosion  was  experienced,  prior 
fouling  of  lieat -transfer  surfaies  was  nei-essarx  for 
the  initiation  of  attack.  Wlien  lieat -transfer  surfaces 
were  free  of  de|M«its.  no  corrosion  on-inred  inde¬ 


pendent  of  heat-transfer  conditions  and  water 
chemistry. 

11.  When  either  volatile  or' phosphate  treatment  was 
employed  with  tube  surfaces  fouled  with  preboiler 
corrosion  products  and  in  the  absence  of  condenser 
leakage,  no  significant  corrosion  occurred. 

12.  The  combination  of  heat-transfer  surfaces  fouled 
with  simulated  preboiler  corrosion  products  and 
free  caustic  boiler  water  treatment  caused  high 
rates  of  corrosion  under  nucleate  boiling  conditions. 

13.  The  initial  deposition  of  preboiler  corrosion  products 
on  heated  tube  surfaces  initiated  caustic  attack. 
Subsequent  formation  of  additional  deposits  result¬ 
ing  from  comsion  of  the  metal  sustained  and  finally 
accelerated  the  corrosion  rate. 

14.  Plug-type  corrosion  occurred  with  volatile  boiler 
water  treatment  when  heat-transfer  surfaces  were 
fouled  with  preboiler  corrosion  products  and  sea¬ 
water  condenser  leakage  was  added.  Volatile  treat¬ 
ment  furnished  no  protection  against  corrosion 
resulting  from  seawater  leakage. 

15.  The  ptl  reduction  of  boiler  water  resulting  from 
seawater  condenser  leakage  caused  corrosion  with 
all  types  of  rhemical  treatment.  However,  corrosion 
rates  could  be  effectively  reduced  by  elevating  the 
pll  with  sodium  phosphate  or  sodium  hydroxide. 
Once  the  heat-transfer  surfaces  had  become  suf¬ 
ficiently  fouled,  t  lie  introdiKt  ion  of  sodium  hydroxide 
to  arrest  seawater  corrosion  resulted  in  caustic 
attack. 

16.  Miosphate  hideout  became  more  pronounced  with 
(lie  accumulation  of  de|tosil.H  on  lieat-transfer 
surfaces.  No  corrosion  was  associated  with  its 
occumnee. 

17.  Tlie  chemical  com|Misition  of  deposits  on  lieat- 
Iransfrr  surfaces  varied  significantly  from  those 
found  on  indicated  areas. 

18.  Deposition  of  contaminants  resulted  in  DNB  where 
nucleate  billing  had  leen  experienced  with  clean 
test  surfwes.  This  effect  was  tem|»>nir>  since  it  was 
olnrrwd  that  (lie  depressed  value  of  critical  quality 
recovered  oxer  a  |iers«l  of  srteral  hours  subsequent 
to  tlie  addition  of  contaminant. 
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